15 Biological timers synchronize patterning processes during embryonic development. In the 16 Drosophila embryo, neural progenitors (neuroblasts; NBs) produce a sequence of unique 17 neurons whose identities depend on the sequential expression of temporal transcription 18 factors (TTFs). The stereotypy and precision of the NB lineages indicate reproducible temporal 19 progression of the TTF timer. To examine the basis of this robustness, we combine theory and 20
Biological timers play a key role in central nervous system (CNS) development of invertebrates and mammals, where a small pool of progenitors generates a vast amount of neuronal diversity (Grosskortenhaus et al., 2005; Isshiki et al., 2001; Kambadur et al., 1998; Kohwi and Doe, 2013;  low to distinguish between the two timer types. Our simulations pointed to one limitation of existing data: for some mutants, the consequence of TTF deletion was defined by measuring the 156 fates of the post-mitotic neurons, and therefore did not provide conclusive data about possible
Timing of Pdm and Cas expression is highly sensitive to deletion of TTF repressors, but less sensitive to deletion of TTF activators
Engrailed markers, which allow us to unambiguously identify NB7-1 ( Figure 4A) . TTF protein 200 intensity levels were quantified using confocal microscopy ( Figure 4B) . Variability in staining 201 intensities was controlled by normalizing TTF staining to that of Engrailed, which is constantly 202 expressed in NB7-1.
203
Our data confirmed the sequential expression of Hb, Kr, Pdm, and Cas within the NB7-1 lineage 204 (data not shown). It further revealed that Pdm expression was longer than expected: about 180 205 minutes ( Figure 4C ). This is long enough to generate more than the two previously reported 206 Pdm+ GMCs (Isshiki et al., 2001) . To determine if there were additional Pdm+ GMCs in the 207 lineage, we used the NB7-1-specific Gal4 driver to drive the expression of membrane-tethered 208 superfold GFP and co-stained for Pdm and the GMC marker Asense ( Figure 4D ). We found that
209
Pdm was upregulated when NB7-1 was producing the 4th GMC and downregulated after the NB 210 generated the 7th GMC ( Figure 4E ), indicating that four GMCs are produced within the Pdm 211 expression window. Consistent with this finding, we observed a novel Kr + Pdm + GMC in the 212 lineage, which was not previously reported (Isshiki et al., 2001) . The newly-discovered GMC may 213 produce an Eve-negative motor neuron, interneuron, or undergo programmed cell death (see 214 Discussion).
215
The Pdm expression window is therefore significantly longer than the duration inferred from the 216 previous data used to calibrate our model. This difference in the timing of Pdm expression in 217 wild-type embryos has no substantial effect on our model. Indeed, apart from minor 218 quantitative differences, our main qualitative results, including the ability to distinguish 219 consistent circuits and the differences between the robustness of decay and relay times, 220 remained the same.
221
We next used the high temporal resolution expression data to determine whether the relay-222 timer or decay-timer could best account for Pdm and Cas expression timing in TTF mutant 223 backgrounds. We found that Kr mutants did not alter Pdm expression, whereas hb mutants 
228
Our measurements defined the change in Pdm and Cas induction times following the deletion of 229 their activator or repressor TTFs. Both induction times showed higher sensitive to repressor 230 deletion that to the deletion of their activator. These measurements allowed us to position the deletion of Hb and of Kr. As can be seen, the in-vivo circuit was positioned in the narrow region correlations between the respective phenotypes observed in our simulations, as described in 240 Figure 3C -F. Using these values to position the in-vivo circuit on the relay-decay space, clearly 241 identified this circuit as a decay timer as was predicted by the robustness hypothesis. We 242 therefore conclude that the timing of TTF expression is driven by a repressor-decay mechanism, 243 rather than an activator-accumulation mechanism (Figure 5G-I).
245

Discussion
246
Our study suggests that a repressor-decay timer drives the sequential TTF expression to 
269
Experimentally, we tested whether TTF progression is dominated by the repressor-decay 270 interactions by measuring the expression timing of the last two TTFs in the cascade, Pdm and this analysis since we found that Kr was maintained in Hb mutant embryos (data not shown, when Hb decays below a threshold, again implementing a repressor-decay, rather than an 279 activator-relay timer. Hb is rapidly degraded during early embryogenesis, with an estimated 280 half-life of ~15 min (Okabe-Oho et al., 2009) . While this half-life was not measured directly in 281 NBs, it is likely to be similarly short based on the 1:1 relationship between hb transcriptional 282 activity (detected with an intron probe) and Hb protein levels (detected with an antibody) 283 (Grosskortenhaus et al., 2005) . Assuming that Hb mRNA is similarly fast degrading, and that Hb 284 is transcribed for only one cell-cycle, we estimate that Pdm starts expressing when Hb levels 285 reduce to about 1-10% of their maximal value.
286
Our quantification of Pdm expression in wild-type embryos revealed that this phase is longer 287 than previously thought, and led to the identification of a previously unrecognized Kr+Pdm+
288
GMC generated during this phase. Six motor neurons have previously been reported for the 289 NB7-1 lineage (Landgraf et al., 1997; Schmid et al., 1999) , yet there are only five Eve+ motor 290 neurons in the lineage, raising the possibility that this "new" GMC may produce an Eve-negative 291 motor neuron. Our analysis also revealed that Pdm is expressed in a burst during the Hb 292 window. This was noted by Isshiki et al. (2001) but neither the functional significance nor the 293 mechanism was discussed. Regarding function, we suggest that this early window of Pdm 294 expression may allow it to be inherited in the first-born GMC, where in at least one lineage 295 (NB4-2) it is required to specify first-born GMC identity, together with Hb (Bhat et al., 1995; Bhat 296 and Schedl, 1994; McDonald et al., 2003; Yang et al., 1993; Yeo et al., 1995) . Regarding 297 mechanism, early Pdm and Cas expression is likely to be due to independent transcriptional 298 activation of both genes, followed by repression of pdm transcription by Hb protein (Kambadur 299 et al., 1998) . The Pdm protein produced from the initial transcriptional burst, prior to Hb-300 mediated transcriptional repression, may persist into the new-born GMC. Alternatively, there 301 may be a mechanism for blocking Hb repression of pdm transcription specifically in early-302 forming NBs.
303
In conclusion, we propose that the need to maintain robust gene expression timing within a 304 noisy biological environment favored evolution of repressor-decay regulatory circuits controlling 305 developmental patterning. This was previously shown for circuits that coordinate spatial 306 patterning through the establishment of morphogen gradients or the control of direct cell-to- Table S3 . Parameters sere then substituted into production rates. When testing set robustness, we solved all combinatorial combinations of 322 adding or subtracting 20% to all the TTFs production rates and then compared phase durations 323 of each such noise combination set to those of the original set solution. Only if a noise 324 combination yielded phase durations which are all within 10% distance of the respective original 325 durations, the noise combination was considered "close" to the original. A robustness score was 326 then calculated as the percentage of "close" noise combinations. The phases considered for this 327 purpose were expression/co-expression phases leading to different neuronal fates (Table S1 ).
Materials and Methods
parameters (See SI) from ranges indicated in
328
For example, a phase of Hb only expression followed by co-expression of Hb and Kr was 329 considered a single phase since both lead to the 1 and 2 neuronal fates rendering the timing of 
345
For Figure 5G and Figure S1 , the calculation of in-vivo system location according to its for 346 TTF deletion perturbations was performed by assuming the experimentally observed and were the middle of the stage in which induction occurred, with an overall error margin of half that stage duration. These error margins were further increased when translating from for TTF deletions to for appropriate regulation removal. This translation was performed by placing the measured for TTF deletion on the correlation plots in Figure 5H and defining the range for regulation removal as the maximal range on the Y axis reached 352 by robust (robustness score>80) sets within the X axis range of measured and its error experiment (S12) in the relay case. For Cas, there was no need to normalize for relay Li, X., Erclik, T., Bertet, C., Chen, Z., Voutev, R., Venkatesh, S., Morante, J., Celik, A., Desplan, C.,
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Figure S 1 -All consistent circuits, as described in Figures 1-2 C 105,100 ,48, 81, 103, 90, 70,70,134,116, 63,77 4,E 9,19,27,31,28,20,7,3 5,A 105,100, 129 ,263 ,320 ,140 5,B 31,28,22,26,22,16 5,C 20,19,40 ,81 ,34 ,34 5,D 19,35,18,38,28,35 5,E 9,39,36,36,47,55 5,F 17,27,27,40,27,44 
Model equations and Parameters
The molecular interactions driving the embryonic NB timer have been well described (Grosskortenhaus et al., 2005; Grosskortenhaus et al., 2006; Isshiki et al., 2001; Tran and Doe, 2008) . These interactions appear to integrate the two core timers discussed in the ( − 0 ) it a temporal step function which allows the production of hb only at t<t 0 .
For the TTF i, is i's production rate, is i's degradation rate, is i's basal production rate in the absence of any activators.
, is a hill function representing transcriptional activation by the TTF i of gene j. With , , the K D for i activity on j, and , i's hill coefficient.
, is a hill function representing transcriptional repression by the TTF i.
With , the K D for i activity, and , i's hill coefficient. Additional model parameters are the , which are the thresholds. Only when the concentration of i, [i], is above , i is considered to be "on".
is the duration of the simulation. We solve this full set of ODEs numerically using a standard MATLAB ODE solver. The model equations insure the dominance of the repressors: a gene will not be expressed in the presence of its repressor even if an activator is also present. This property which stems from the multiplication of the production rates by the ([ ]) ([ ]) term was observed experimentally (Grosskortenhaus et al., 2005; Grosskortenhaus et al., 2006; Isshiki et al., 2001; Nakajima et al., 2010; Tran and Doe, 2008; Tran et al., 2010 Table S 3 -Parameter ranges used when searching for consistent sets. Drawing was done from a log-uniform distribution on indicated ranges. When no specific TTF is indicated for the parameter, it is the same for all four TTFs.
